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In addition to engineering new pathways for synthesis, synthetic biologists rewire cells to
carry out “programmable” functions, an example being the creation of wound-healing probio-
tics. Engineering regulatory circuits and synthetic machinery, however, can be deleterious to
cell function, particularly if the “metabolic burden” is significant. Here, a synthetic regulatory
circuit previously constructed to direct Escherichia coli to swim toward hydrogen peroxide, a
signal of wound generation, was shown to work even with coexpression of antibiotic resistance
genes and genes associated with lactose utilization. We found, however, that cotransformation
with a second vector constitutively expressing GFP (as a marker) and additionally conferring
resistance to kanamycin and tetracycline resulted in slower velocity (Δ~6 μm/s) and dramati-
cally reduced growth rate (Δ > 50%). The additional vector did not, however, alter the run-
and-tumble ratio or directional characteristics of H2O2–dependent motility. The main impact
of this additional burden was limited to slowing cell velocity and growth, suggesting that
reprogrammed cell motility by minimally altering native regulatory circuits can be maintained
even when extraneous burden is placed on the host cell. © 2019 American Institute of Chemi-
cal Engineers Biotechnol. Prog., 35: e2778, 2019.
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Introduction

In our previous work,1 Escherichia coli were engineered to
respond and swim toward hydrogen peroxide, a non-native
and potentially toxic signal, using the oxyR/S gene-promoter
for hydrogen peroxide signaling. Specifically, motility regula-
tor, CheZ, was induced using hydrogen peroxide to guide
swimming in cheZ null mutants. These studies were motivated
by the desire to create “smart” probiotics,2–8 including those
that swim to specific biomarkers,9–13 providing spatial control
of the delivery of their therapeutic payload. Here, in the pres-
ence of elevated H2O2 levels, transcriptional regulator, OxyR,
undergoes a structural conformation change which results in
subsequent activation of transcription of many promoters
involved in oxidative stress, including oxyS 14,15. Thus, our

minimal circuit results in the expression of CheZ via oxyS
that, in turn, reconstitutes the CheZ/CheY regulatory network
so that the ΔcheZ cells can swim normally. Cells swimming in
the presence of H2O2 and that are immotile in locales devoid
of H2O2, over time accumulate in regions of high H2O2 in a
process of pseudotaxis.1 We were interested in understanding
whether cells burdened with extraneous gene expression
would retain wild-type motility. Engineered probiotics that
have impaired native function owing to over engineered
genetic circuitry and heterologous gene expression are less
likely to perform as designed.16,17

We characterized cell growth and motility using the previ-
ous 1-plasmid motility vector (pHW02) and, in addition to
expressing CheZ, this vector confers (i) resistance to ampicil-
lin (β-lactamase expression), (ii) utilization of lactose (lacZ,
lacY, lacA, expression), and (iii) copy number maintenance by
expression of repE (mini-F plasmid, 1–2 copies per cell). We
then repeated these studies using two plasmids (pHW02 &
pET200-t5-eGFP), the latter conferring GFP visualization via
constitutive (uninduced) T5 promoter control, and additional
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antibiotic resistance using a ColE1 origin of replication (~20
copies per cell).

Results

Previous qPCR experiments using pHW02 and varying con-
centrations of H2O2 had shown increased cheZ mRNA within
5–10 min, especially when H2O2 concentrations were above
12.5 μM. Moreover, we observed a dose dependent effect
between 12.5 and 200 μM.1 An identical dose dependent
response is recapitulated here at 15 min postinduction
(Figure 1a). We further characterized CheZ levels using West-
ern blot and found significant differences between the
1-plasmid versus 2-plasmid systems (plasmid maps are pro-
vided in Supporting Information). Readily visible bands were
observed for the 1-plasmid system in both 15 and 60 min sam-
ples, particularly at higher doses of H2O2, as expected
(Figure 1b). Only faint CheZ bands were observed for the
2-plasmid system after 60 min of induction, however. This
suggests that addition of the second plasmid, with constitutive
expression of GFP, attenuated CheZ expression.

While many previous studies have examined the effects of
plasmid-encoded gene overexpression18–21 on cell growth and
protein expression, there was no way to a priori to predict

whether these “metabolic burden” effects would alter the
H2O2 inducer consumption rates of our system or the subse-
quently actuated cell motility. When we induced these cells at
the higher of two cell densities (OD 0.4 vs. OD 0.1), in all
cases (1- & 2-plasmid systems) all of the H2O2 (50 and
100 μM) was consumed within 5 min (Figure 1c). These data
coincide with hydrogen peroxide induced expression of CheZ.
The raw spectrophotometric data were converted to concentra-
tion in Figure 1c. Interestingly, in all cases with cells induced
at the lower cell density (OD 0.1), there was H2O2 remaining
(Figure 1c) at the end of the cultures. Also, the level of H2O2

remaining was higher for the 2-plasmid system, indicating that
H2O2 uptake was somewhat attenuated in these cells.
As expected, we observed significant differences in growth

rate between systems (Figure 2a). The presence of the second
vector decreased cell growth rate by over half. In the latter
exponential phase, (Figure 2a [left]), cells with an empty vec-
tor were induced with 100 μM H2O2 and the cell growth rates
were determined (Figure 2b). The WT and HCW01 (ΔcheZ)
cells grew identically. In the cases when the second vector
was added, the growth rate had dropped precipitously. Results
suggest there was no difference in growth due to the cheZ
deletion, rather a significant change due to the second plasmid.
In Figure 2a (right), hosts transformed with the cheZ plasmid
with oxyRS control (pHW02) were also transformed with the

Figure 1. Hydrogen peroxide-induced expression of motility regulator, CheZ. (a) qPCR analysis of cheZ mRNA for 1-plasmid system
using E. coli HCW01 (cheZ mutant) cells—15 min sample time. (b) Western blots showing CheZ levels post-induction for
1-plasmid & 2-plasmid systems. Hydrogen peroxide induction was for 15 and 60 min. Cultures with overexpressed His6-CheZ
and the empty plasmid (W3110-pFZY1) were included as controls. (c) Hydrogen peroxide remaining after cells were induced
at different optical densities (indicated), with indicated levels of H2O2 and at indicated sample times. A 1-plasmid system not
expressing CheZ (HCW01-pFZY1) is at the left and the 2-plasmid system with CheZ expression is at the right
(HCW01-pHW02). Tukey–Kramer ANOVA and multiple comparisons analyses were performed with * α = 0.005. * indicates
the samples differed significantly from all samples.
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second reporter plasmid. Here, the addition of hydrogen per-
oxide had little or no apparent effect in the absence of the sec-
ond plasmid. Similarly, with the second plasmid present the
depression in cell growth in the presence of hydrogen perox-
ide did not appear to be a function of hydrogen peroxide con-
centration (Figure 2b). That is, the apparent induction of
CheZ, in no case, appeared to exert an additional effect on cell
growth. Moreover, because there was no apparent difference
between those with and without hydrogen peroxide, the addi-
tion of hydrogen peroxide (e.g., 100 μM) in the presence of
the second vector was not responsible for altering growth.
These results were remarkably consistent; the presence of the
second vector clearly reduced cell growth relative to controls
during the late exponential phase.

Having significantly altered growth patterns, we forged
ahead and analyzed bacterial movement using a 2D phase con-
trast microscopy system22,23 and cell motility videos. We used
5 s trajectories and Tumblescore22 for analysis of velocity and
other motility parameters. In Figure 3a, a few trajectories are
depicted from representative traces; that is, a black trace is
produced as a cell moves from the beginning of its trajectory
to its end at the end of a video trace. Similarities between the
mutant and engineered cells without H2O2 are striking, as are
the wild-type cells without H2O2 and engineered cells with
H2O2, regardless of metabolic burden. By inspection, there
were no obvious differences between the 1- and 2-plasmid

trajectories. In Figure 3b, Rose plots are depicted wherein
many traces are superimposed with their initial points set at
the origin of the coordinate axes. We found increased trace
distance with increased H2O2 for both systems. We also
noticed that trajectories were observed in every direction, as
expected. However, when comparing the 1- versus 2-plasmid
systems, the 2-plasmid system appeared to have slightly
shorter path lengths.
To more directly quantify the phenotypic responses we per-

formed computational analyses22 of the motility videos. In
Figure 4a,b and consistent with our previous study, the veloc-
ity in the cheZ mutants was reduced. For both the 1- and
2-plasmid systems, the addition of hydrogen peroxide and
induced CheZ appeared to fully restore velocity to that of the
wild-type strain transformed with an empty vector (pFZY1).
In addition, a consistent reduction in velocity was observed
for the cheZ mutant cases due to the presence of the second
plasmid expressing GFP. That is, while the expression of
CheZ appeared to fully restore velocity to the wild-type trans-
formed control, that control (and all other 2-plasmid system
cases) exhibited reduced velocity. This reduction directly links
the metabolic burden previously observed for cell growth to
cell motility.
Another quantity used to characterize swimming is the net

angle change as a cell moves from frame to frame. For 5 s tra-
jectories, the percentage of trajectories that exhibited a net

Figure 2. Attenuated growth of cell cultures expressing CheZ with an additional GFP reporter plasmid after induction with hydrogen
peroxide. (a) (left) Cultures without exogenous CheZ expression but with and without supplemental GFP expression. Wild type
E. coli W3110 (WT-pFZY1) and HCW01-pFZY1 (cheZ mutant) were grown with and without pET200-eGFP. The presence of
the second vector significantly reduced cell growth but the addition of H2O2 had no additional effect. Also, growth differences
due to deletion of cheZ were negligible. (right) The same host, E. coli HCW01 (ΔcheZ) with hydrogen peroxide induced CheZ
(HCW01-pHW02) grew more slowly with the GFP vector. H2O2 level and CheA induction had no effect. The black arrows
indicate the induction times intiated at OD600 0.5. After induction, bacterial cultures were shaken at 24�C and sampled every
15 min for 2 h (one plasmid) or 4 h (2 plasmids). (b) Tables indicate calculated specific growth rates postinduction using
ANCOVA linear regression analyses (Prism). For data analysis, technical and biological triplicate data were obtained.
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angle change of <1 rad/s and > 1 rad/s were classified as “run-
ning” or “tumbling,” respectively.24 Interestingly, we found that
despite the statistically significant differences in velocity, there
was no significant difference in the percentage of running
(Figure 4c,d) among the H2O2 induced 1- and 2-plasmid sys-
tems. Further, WT-pFZY1 and H2O2-induced HCW01-pHW02
running times were calculated to be ~40–50%; the H2O2-induced
bacteria had recovered the native run versus tumble percentages.
As expected, however, the HCW01-pFZY1 and uninduced
HCW01-pHW02 running times were significantly reduced.

Finally, we calculated the ratio of total path length to Euclid-
ean distance (Figure 4e,f,g). This is the sum of all discrete dis-
tances traveled divided by the net distance from the beginning
to end of a trajectory (Figure 4e). As expected, bacteria without
cheZ in both systems exhibited a higher ratio than the wild
type. Also, they appeared to exhibit fairly uniform distributions
(as indicated by reduced breadth of the quartiles in the box and
whisker plots). Interestingly, the presence of the second vector
seemed to narrow the distribution in this ratio among all cases,
although we did not statistically validate this observation. More
importantly, transforming cells with the oxyS-cheZ vector
broadened the distribution, while subsequent induction with
hydrogen peroxide appeared to bring levels back to the WT

levels and also tighten the distribution. Specifically, when we
reintroduced cheZ to both 1- and 2-plasmid systems, the ratio
dropped back to the WT-pFZY1 level in the 1-plasmid system,
but increased further in the 2-plasmid system. Then, however,
when we induced these cells, in all cases the ratio was restored
to the WT-pFZY1 levels (or even lower) and with less devia-
tion. The apparent increase in distribution that accompanied
introduction of the second plasmid was somewhat perplexing.
We have no hypothesis for its occurrence.
Here, we engineered a synthetic H2O2-responsive promoter

system that was meant to restore swimming characteristics in
cheZ mutants to the wildtype isogenic host. This was success-
ful. That is, we used a single cell-based analytical method to
characterize the system that enables E. coli to sense H2O2 and
respond in highly-controlled and defined manner. We mea-
sured cell growth rate during the late exponential phase, veloc-
ity, the percentage of run versus tumble, and the ratio of path
length to Euclidean distance. Importantly, the genetic circuit
alone, when introduced on a 1-plasmid vector with F0 origin
of replication and when actuated, exhibited no influence on
cell growth and was observed to fully restore all measures
characterizing swimming. Conversely, the added influence of
a second, medium copy number plasmid (ColE1 origin) that

Figure 3. Motility trajectories following hydrogen peroxide-induced CheZ. (a) Phase contrast trajectory images. 5 s trajectories of WT-
pFZY1, HCW01-pFZY1, and HCW01-pHW02 (0–100 μM hydrogen peroxide) � pET200-eGFP were mapped. (b) Rose graphs
of trajectories. 5 s trajectories are displayed from each trajectory’s origin to visualize the path lengths (axes span 200 μm) and
angle changes with and without the pET200-eGFP plasmid.
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provides T5-promoter driven constitutive (e.g., uninduced)
GFP expression and an additional two antibiotic resistance
genes dramatically reduced cell growth with our without the
presence of hydrogen peroxide. It also attenuated swimming
velocity. Our hypothesis is that the extra burden placed on the
cell by the expression of GFP and other proteins may in effect,
have resulted in moving beyond a “tipping point” above
which cells grow more slowly, swim more slowly, and other-
wise act differently. That the second vector was a medium
copy number vector added on top of the single copy number
vector is also important, as it is the additional expressed pro-
tein enabled by the multicopy plasmid that is the principle
cause of the metabolic burden (and not the copy number
per se18).

We note that GFP is commonly used by researchers to
quantify gene expression and without apparent influence, but
we found it and the expression of an additional two antibiotic
resistance genes can reduce cell growth rate when introduced
in the seemingly innocuous manner shown here (e.g., as
expressed on a second, multicopy number plasmid). Further,
GFP is also widely used when conducting motility experi-
ments25,26 and here, when presented to cells as an independent
second-plasmid marker, its presence was seen to significantly
reduce velocity. That said, neither GFP nor the second vector
appeared to affect the cheZ network. It is well known that fla-
gella require ATP and ATPases to rotate27,28; our results sug-
gest that the 2-plasmid bacteria are ladened with an energetic
metabolic burden that serves to reduce bacterial growth rate

Figure 4. Motility characteristics upon hydrogen peroxide-induced CheZ. (a and b) Average velocities. The average velocities of the con-
trol bacteria (WT-pFZY1, HCW01-pFZY1) vs.the engineered bacteria (HCW01-pHW02; 0–200 μM hydrogen peroxide) with-
out (left) and with pET200-eGFP (right). (c and d) Fraction of running vs. tumbling (angular velocities) within the first 5 s of
each trajectory. Calculations are based on identifying a tumble as movement under 1 rad/s based on angle change estimates.
The percentage of trajectories (based on the initial 5 s trajectories of all bacteria) that were “running” vs. “tumbling” based on
the time it took to move either <1 rad/s or > 1 rad/s, respectively. The error bars are the calculated standard error. (e–g) Ratio
of path length: Euclidean distance. (e) The total distance traveled (path length, blue line) vs. displacement (Euclidean distance,
red line) is demonstrated in this figure. The values were calculated based on the initial 5 s trajectories of all bacteria and plot-
ted as box and whisker (f,g) to determine if there were significant differences in the averaged length and the distributions
between the 1-plasmid and 2-plasmid systems. The boxes outline the lower quartile (lower box, Q1), median (the divisive line
inside the box), and upper quartile (upper box, Q3). The whiskers indicate the highest and lowest observations (red lines).
Tukey–Kramer ANOVA and multiple comparisons analyses were performed with α = 0.05–0.001. * indicates the samples dif-
fered significantly from the one plasmid system. indicates the samples differed significantly from the two plasmid systems. For
data analysis, technical duplicate and biological triplicate data were obtained.
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and swimming velocity. Despite this burden, the engineered
bacteria were observed to quickly consume the majority of the
H2O2 and returned to near WT running. That is, irrespective
of the metabolic load that might accompany engineered signal
recognition as well as signal-actuated synthesis of a therapeu-
tic, the motility circuit seemed to be robust—enabling further
use in probiotic designs. In addition to providing additional
insight on the metabolic effects of recombinant protein expres-
sion in E. coli, we believe the synthetic biology framework
and tracking analysis in this work helps to quantify bacterial
motility and can help determine the optimal designs for even-
tual deployment of “smart” probiotic systems.

Materials and Methods

System assembly and growth conditions

The genetic constructs developed in this study were assem-
bled by Dr. Hsuan-Chen Wu of National Taiwan University
using standard synthetic biology protocols.29 Synthesized
strains are W3110-pFZY1 (WT-pFZY1), W3110-ΔCheZ-
pFZY1 (HCW01-pFZY1), and W3110-ΔCheZ-pFZY1-OxyR-
pOxyS-CheZ (HCW01-pHW02; ampicillin resistance, Sigma-
Aldrich, St. Louis, MO). The strains were then transformed
with pET200-eGFP (kanamycin resistance, Sigma-Aldrich,
St. Louis, MO). For all overnight inoculations, bacteria were
grown from glycerol frozen stock; all morning reinoculations
were diluted to OD600 0.05. All bacterial cells were maintained
in LB media (Fisher Scientific, Pittsburgh, PA) with appropriate
antibiotic(s) supplemented in all experiments and incubated at
37�C in a shaker at 250 rpm for all motility experiments.

Bacterial growth curves

E. coli containing either one or two plasmids were inocu-
lated into 25 mL of LB in 125 mL flasks. Culture flasks were
shaken at 37�C and sampled every 30 min until OD600 ~0.5
was achieved. After induction, flasks were shaken at 24�C and
sampled every 15 min for 2 h (one plasmid) or 4 h (two plas-
mids). For data analysis, technical, and biological triplicate
data were obtained. ANCOVA linear regression analysis was
performed using Prism.

Hydrogen peroxide consumption

E. coli containing either one or two plasmids were inocu-
lated into 10 mL of LB in 50 mL flasks, and shaken at 37�C
until OD600 ~0.5 was achieved. Cells were pelleted and resus-
pended in fresh LB at OD600 0.1 and 0.4. The bacteria were
induced with 0, 50, and 100 μM H2O2 in clear 96-well plates
(total volume—200 μL) at 24�C, 250 rpm for 5–15 min. All
samples were assayed for H2O2 with standards using the
Quantitative Peroxide Assay Kit (Pierce, Thermo Fisher Scien-
tific). A SpectraMax M2 plate reader (Molecular Devices) was
used to read colorimetric absorbance (595 nm) to calculate the
amount of unconsumed H2O2. For data analysis, technical,
and biological triplet data were obtained.

cheZ qPCR and CheZ Total protein quantification

E. coli containing either one or two plasmids were grown
overnight, reinoculated into 25 mL of LB in 125 mL flasks,
and shaken at 37�C until OD600 of 0.5 was achieved. Cells

were induced with 0–200 μM H2O2 at 24�C, 250 rpm for
15 and 60 min and then centrifuged at 4�C, 12,000 rcf for
10 min. Bacterial pellets were resuspended with 200 μL
BugBuster (BugBuster HT, EMD Millipore) and protease
inhibitor (HALT Protease Inhibitor Cocktail [100x], Fisher
Scientific). Cell suspensions were shaken at 24�C, 150 rpm
for 40 min. Insoluble cell debris were removed by centrifuga-
tion at 4�C, 12,000 rcf for 20 min and soluble fractions were
transferred to new tubes. qPCR was performed as previously
described.1 Briefly, RNA extraction was performed using TRI-
zol (Fisher Scientific) and samples were treated with Dnase I
(New England BioLabs) to eliminate possible DNA contami-
nation. Quantitative PCR conditions were performed on an
Applied Biosystems 7300 Real-Time PCR system using a
two-step cycling protocol. The qPCR primers for CheZ for-
ward and reverse were TTGATCCTGATGCGGTTGTG and
CGCGCGATCGTTTGTACTAT, respectively. Primers were
used at a final concentration of 400 nM, and 10 ng of RNA
was used as template in each 20-μL reaction. Each reaction
was performed in triplicate, with outlying data removed for
select samples. Sixteen seconds rRNA was used as the endog-
enous housekeeping gene.
Total protein concentration (Pierce BCA Protein Assay,

Fisher Scientific) was calculated using the microplate proce-
dure with BugBuster-BSA (EMD Millipore) standards. Pre-
stained ladder (Benchmark Prestained Protein Ladder, Fisher
Scientific), His6-CheZ protein, and 40 μL of boiled samples
(5× SDS-dye boiled with total protein from final BugBuster
step; ~175 μg total protein concentration; uniform across all
experimental samples) were loaded into 12% SDS-PAGE gels
(Bio-Rad). A semidry transfer apparatus (Bio-Rad) was used
to transfer proteins to nitrocellulose membranes (Thermo Sci-
entific Pierce) and blocked with 10% milk (Blotting Grade
Blocker Non Fat Dry Milk, Bio-Rad; Tris-buffered saline +
Tween 20 [TBS-T]) overnight at 4�C.
Western blots were performed with 1:10,000 anti-CheZ poly-

clonal antibody (produced by New England Peptide in rabbit)
and 1:15,000 of antirabbit horse radish peroxidase antibody
(Sigma Aldrich) solutions (5% BSA, TBS-T). Before incuba-
tion with anti-CheZ, it was adsorbed in 25% lysed E. coli cheZ
knockout strain extract, 5% Bovine serum albumin (BSA,
Sigma Aldrich, St. Louis, MO) to decrease nonspecific binding.
Protein signal detection was performed using SuperSignal West
Femto Kit (Thermo Scientific), incubated with Amersham
Hyperfilm ECL (GE Healthcare) for 15 min and developed
using the Konica SRX-101 (Konica Corporation).

Motility videos

E. coli containing either one or two plasmids were grown
overnight, reinoculated into 5 mL of LB in 25 mL flasks, and
shaken at 37�C until OD600 of 0.5 was achieved. Bacteria cul-
tures were split into 1 mL subcultures in culture test tubes and
induced with 0–100 μM hydrogen peroxide at 24�C, 250 rpm
for 15 min. The bacteria were centrifuged at 112rcf and 4�C,
washed twice, and resuspended in DPBS for brightfield motil-
ity videos (cellSense). Videos were recorded for a minimum
of 100 frames for subsequent Matlab (MathWorks) analysis.22

All videos were recorded in 8-bit greyscale using an Olympus
DP72 microscope with UPLFL 20x objective lens and cell-
Sense Standard 1.12 software (Olympus Life Science). Phase
contrast (brightfield) videos were captured using 50 ms white
light exposure without binning (1360 × 1024 pixel size,
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319.48 nm/pixel). For data analysis, technical duplicate and
biological triplicate data were obtained.
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